Abstract A modified Butler-Volmer equation for the reduction of CO 2 by considering multi-step single-electron transfer reactions is presented. Exchange current density formulations free from arbitrary order dependency on the partial pressures of reactants and products are proposed for Ni and Pt surfaces. Button cell simulations are performed for Ni-YSZ/YSZ/LSM, Pt-YSZ/YSZ/Pt, and Pt/YSZ/Pt systems using two different electrochemical models, and simulation results are compared against experimental observations. The first electrochemical model considers charge transfer reactions occurring at the interface between the electrode and dense electrolyte, and the second model considers the charge transfer reactions occurring throughout the thickness of the cermet electrode. Single-channel simulations are further performed to asses the O 2 production capacity of CO 2 electrolysis system.
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Introduction
Solid oxide electrolysis cell (SOEC) is capable of converting carbon dioxide to carbon monoxide and oxygen.
Oxygen atom is liberated from CO 2 at the cathodeelectrolyte interface through a combination of thermocatalytic dissociation and electrocatalysis [1] . This dissociation occurs on a catalytic surface forming surface-adsorbed CO that desorbs into the gas phase. The liberated oxygen atom picks up electrons that reach the cathode through external circuit and forms an O 2− ion. The O 2− ion is then transported through the electrolyte to the interface between the anode and dense electrolyte where it undergoes oxidation and releases the electron to the anode. Unfortunately, only limited studies are available in the literature, especially for the gas phase electrolysis of CO 2 . Electrolysis in SOEC is typically carried out in the temperature range of 750-1,000 • C [2] . Tao et al. studied the electrolysis of CO 2 at the interface of Pt/YSZ using a button cell assembly. They have proposed the following two-step single-electron transfer model for CO 2 electrolysis [3] :
Based on their comparison of experimental observation with Bockris model, they concluded that the second step is the rate-limiting one. In a continuation work, they have studied the same process in a Pt-YSZ cermet electrode and found the resulting current density to be higher than that of pure Pt electrode [4] . However, this result is obvious due to the distributed nature of three-phase boundary and hence higher overall electrochemical reaction rates in a cermet electrode. Ebbesen and Mogensen carried out the electrolysis of CO 2 at 850 • C in a planar cross-flow cell made up of Ni-YSZ cermet electrode, YSZ electrolyte, and LSM cathode [2] . They in fact have operated an SOFC in the electrolysis mode by applying potentials higher than the open circuit potential. Ni has modeled these experiments using a 2D numerical model of the flow channels [5] . Although the flow channels are modeled in 2D, the concentration loss due to porous media transport is calculated using analytical expression.
In the present work, we develop a Butler-Volmer equation based on single-electron transfer reaction for the electrolysis of CO 2 . The model is used to reproduce the experimental observation of Tao et al. [3] and Ebbesen and Mogensen [2] . Additionally, the developed Butler-Volmer equation is used along with a distributed charge transfer model and the results are validated by comparing the model predictions with the experimental observation of Tao et al. reported in [4] . Furthermore, the Butler-Volmer equation is used to analyze isothermal single-channel co-flow configuration.
Electrochemical model
Two different electrochemical charge transfer models are considered in this work. In the first model, we assume that the charge transfer occurs only at the interface between the dense electrolyte and electrode. This model is explained in Section "Charge transfer at the dense electrolyte-electrode interface" and is used to reproduce the experimental observations made by Ebbesen and Mogensen [2] and Tao et al. [3] . In the second model, we assume that the electrochemical charge transfer reaction occurs throughout the thickness of the electrode. This model is explained in Section "Distributed charge transfer" and is used to reproduce the experimental observation of Tao et al. [4] for Pt-YSZ cermet electrode. Both models require Butler-Volmer equation in order to evaluate electrochemical reaction rate at the three-phase interfaces, which is explained in the following section.
Butler-Volmer kinetics
The electrochemical reduction of CO 2 on the cathode is assumed to follow reaction steps consisting of sticking reactions, desorption reactions, and charge transfer. The adsorption and desorption of CO 2 to and from the catalytic surface is given by reaction 3. Similarly, the adsorption and desorption of CO is given by reaction 4. Reactions 5 and 6 represent charge transfer steps involving single-electron transfer. Reaction 7 represents the incorporation of O 2− ion into the bulk YSZ.
Assuming reaction 6 to be the rate-limiting one, the following Butler-Volmer equation is derived for the electrochemical reduction of CO 2 :
as the charge transfer coefficient. The exchange current density i 0 takes the form
Here, p is the partial pressure and p * corresponds to the equilibrium pressure. The Arrhenius expression is used to model the temperature dependence of exchange current density. E CO 2 is the activation energy used to model the temperature dependence, and i CO 2 is the pre-exponential factor. By considering the adsorption and desorption reaction of CO 2 and CO at equilibrium, p * CO 2 and p * CO take the form
In the above equations, is the surface site density, γ is the sticking coefficient, W is the molecular weight, and k d and E des are the pre-exponential factor and activation energy for desorption reaction, respectively. The detailed derivation of Eq. 8 through Eq. 11 is given in the Appendix. The parameters for calculating p * are given in Table 1 . Similar to the cathode side charge transfer, a ButlerVolmer equation is also required for the charge transfer reaction occurring on the anode side. Based on the following multi-step electron transfer reactions for O 2− ion oxidation on the anode
we have derived a Butler-Volmer equation, which takes the form
However, the above equations together with Eq. 8 failed to reproduce the experimental observation of Tao et al. [3] and Ebbesen and Mogensen [2] . Therefore, in this work, for O 2− ion oxidation on the anode side, the Butler-Volmer equation and the exchange current density formalism reported in [6] are used. According to [6] , the current density is expressed as
and i 0 is defined as
is defined as
where
For LSM surface, A O 2 = 4.9 × 10 9 atm and E des,O 2 = 200 kJ mol −1 [6] .
Charge transfer at the dense electrolyte-electrode interface
In this study, the charge transfer reactions occur only at the interface between the electrodes and dense electrolyte. For an electrolysis cell, the applied potential is related to the overpotentials according to the following relation:
Here, E cell is the cell potential and E rev is the reversible (Nernst) potential. η c and η a are the activation overpotential for the cathode and anode, respectively. The leakage overpotential η leak is defined as
where i max is the maximum current and is a fit parameter. The ohmic overpotential η ohm is defined as 
Distributed charge transfer
The distributed charge transfer model used in this work is explained comprehensively in [7] and hence only briefly described here. Unlike in the case of non-distributed charge transfer, where the electrochemical reactions occur only at the interface between the dense electrolyte and the electrode, in distributed charge transfer, electrochemical reactions occur throughout the thickness of the electrode. Under steady-state conditions, the charge conservation for electron-conducting phase and ion-conducting phase is written according to Ohm's law as [8] [9] [10] [11] 
In the above equation, σ and ϕ are the effective conductivity and potential of concerned phases, respectively, and A tpb is the three-phase boundary area available per unit volume. The choice of sign in Eq. 24 depends on the particular phase in the composite electrode [10] . Bruggmann correlation is used to calculate the effective conductivity [12] :
Here, φ is the volume fraction. The pure phase conductivity for YSZ is taken from [6] and the electronic conductivity for Pt at 1,023 K is σ Pt = 2.7963 × 10 6 S/cm [13] . Assuming a uniform potential throughout the current collectors, the cell voltage can be expressed as the difference in potential between the cathode and anode current collectors:
The solution of Eq. 24 requires a boundary condition at various interfaces. The transport of ions is continuous throughout the membrane electrode assembly (MEA) structure, and hence, boundary conditions are required only at the current collectors. Since the current collectors are pure electronic conductors, the ion flux ϕ io vanishes leading to
Unlike ion transport, electron transport is not continuous throughout MEA. Since the electrolyte does not conduct electrons, the electron flux ϕ el vanishes at the dense electrolyte-electrode interface leading to
In addition to the dense electrolyte-electrode interface, we also require a boundary condition at the current collectors.
The electrode potential at the cathode current collector is arbitrarily set to zero, which automatically sets the potential of the anode current collector according to Eq. 26 [10] . The Faradic current density i appearing in Eq. 24 is calculated according to Eqs. 8 and 17 for the cathode and anode, respectively. However, the overpotentials appearing in these equations become the local overpotential defined as
where E ref is the relative potential difference between the electronic and ionic conductors at reference state. By setting the reference state for anode activation overpotential to zero, the reference state for the cathode overpotential becomes the open circuit potential [10] , i.e., the above equation can be respectively written for the anode and cathode as
and
Here, E rev is the reversible (Nernst) potential. For model validation using distributed charge transfer, we have considered the experiments performed by Tao et al. using Pt-YSZ cermet electrode [4] .
Numerical model
The numerical model used in this work to solve for the button cell and channel configurations is described in a number of previous publications. The solution of button cell model is well described in [14] . The channel model is described in [6] . Modeling of distributed charge transfer is explained in [7, 8, 10 ]. An interested reader may also refer to [15, [17] [18] [19] for various aspects of species transport model. Very briefly, the button cell model solves reaction diffusion equation for species transport in the electrodes along its thickness. Electrochemical reactions are considered only at the dense electrolyte-electrode interface for non-distributed charge transfer model and throughout the thickness for distributed charge transfer. The solution of the reaction diffusion equation for species transport requires a boundary condition for species concentration at the open electrode surfaces as well as at the dense electrolyte-electrode interfaces. At the open electrode surface, the species mass fractions are assumed to be the inlet mass fractions. At the dense electrolyte-electrode interface, the species flux is calculated based on the current density. The equation system is solved using the differential algebraic equation solver LIMEX [20] .
Results and discussions
The electrochemistry model developed for the reduction of CO 2 is validated by reproducing the experimental data of Tao et al. [3] and Ebbesen and Mogensen [2] . For the oxidation of O 2− ions, the Butler-Volmer expression and the exchange current density formulation developed in [6] are used. The electrochemical system considered by Tao et al. consists of Pt electrodes and YSZ electrolyte. In their experiments, air is fed to the anode side and CO 2 is fed to the cathode side where it undergoes electrochemical reduction and forms CO. Experiments are reported for three different temperature sets: 1,023, 1,073, and 1,123 K. In order to avoid difficulties associated with the calculation of Nernst potential for 100 % CO 2 , we have considered 3 % CO dilution. The model predictions and its comparison to experiments are shown in Fig. 1 . Excellent agreement is observed between the model predictions and experimental observation for all the temperature sets considered. The electrochemical and geometrical model parameters used for the calculations are given in Table 2 . The open circuit potential is close to ∼0.8 V, and as the temperature increases, the absolute value of current density increases for any given potential. Any potential below ∼0.8 V would make the electrolysis cell reverse its operation, i.e., the cell would start functioning as a fuel cell. In reproducing these experiments, the exchange current density i 0 and β serve as the fit parameters. We initially fit i 0 for two different temperatures and then evaluate i CO 2 and E des,CO 2 or i O 2 and E des,O 2 by fitting the i 0 values to the Arrhenius expression. However, by no means, i 0 and β given in Table 2 correspond to their unique values. One may be able to reproduce the same results by using a different set of i 0 and β values. Nevertheless, our effort here is to reproduce the experimental results by maintaining the activation overpotential on the anode and cathode side in their realistic ranges. The activation overpotentials on the anode and cathode side are shown in Fig. 2 . The overpotentials are plotted against log values of current density. The left branch corresponds to anode and right branch corresponds to cathode. Although not exact, the model predictions are in reasonable range when compared with the experimental results. The average of experimentally observed maximum overpotential on the anode side is 0.8 V and that for the cathode side The distributed charge transfer model is validated with the experimental data of Tao et al. [4] at 1,023 K for Pt-YSZ cermet electrode. The geometrical parameters remain the same as in the previous case with a volume fraction of 31 % for Pt and consider 97 % CO 2 and 3 % CO. The distributed current density is the ionic current through the dense electrolyte [8] . The model results agree reasonably well with the experimental data for the comparison between SOECs with Pt electrode and Pt-YSZ cermet electrode. As shown in Fig. 3 , there is a threefold increase in current density from 29 to 94.3 mA/cm 2 at 1.95 V. The exchange current density parameters are given in Table 3 . The increase in current density is due to the increased TPBs for electrochemical reduction of CO 2 . During parameter fitting, we observed that the model is more sensitive to exchange current density and charge transfer coefficient parameters of the oxygen electrode than the CO 2 electrode. The variation of ionic and electronic flux along the MEA thickness at 2.0 V is shown in Fig. 4 . Since the electrolyte is a pure ionic conductor, the electronic flux is zero at the dense electrolyte-electrode interface and is maximum at the current collectors. On contrary, the ionic flux is maximum at the dense electrolyte-electrode interface and is zero at the current collectors which are pure electronic conductors. On the oxygen electrode, most of the electrochemical activity is confined to a very thin layer, s∼20 μm adjacent to the dense electrolyte, whereas in the cathode, i.e, CO 2 electrode, the electrochemical activity is distributed throughout the electrode thickness. The model predictions for the experiments reported by Ebbesen and Mogensen are shown in Fig. 5 . These authors have used a Ni-YSZ/YSZ/LSM system. The experiments are performed at a constant temperature of 1,123 K but for two different compositions: one with CO 2 /CO (50/50) and another with CO 2 /CO (70/30). Although very good agreement is observed between the model predictions and experimental observations at high operating potential, the model Table 4 . Since the experiments are done only for one temperature, we do not consider the temperature dependence of exchange current density and Eqs. 9 and 18 respectively reduce to.
It can be noticed from Table 4 . Conversion of CO 2 reaches a maximum towards the exit of the channel for 1.2 V; however, when the applied potential is increased from 1.2 to 1.7 V, early conversion of CO 2 and early production of O 2 occur in the channel. In fact, for 1.7 V, 100 % CO 2 conversion is achieved at a distance of 0.08 m from the leading edge of the reactor. Therefore, 100 % conversion can be achieved by increasing the applied potential. As CO 2 is converted, O 2 mole fraction increases in the anode channel. However, Boudouard reaction equilibrium is shifted towards coke formation at CO mole fractions higher than 95 %. Therefore, it is ideal to keep CO 2 conversion below 95 % either by adjusting the applied cell potential or by adjusting the residence time. Figure 7 shows the mole fraction of O 2 and N 2 in the anode flow channel as well as the mass flow rate of O 2 along the channel for an applied potential of 1.2 V.
The variation in the current density and reversible potential along the length of the planar cell for the same case is shown in Fig. 8 . The current density decreases along the length of the channel because of mixture dilution due to CO production. However, the dilution has a positive effect on reversible potential and it increases along the channel length. Finally, O 2 production is one of the main objective of CO 2 electrolysis. Based on our model parameters, ∼100 m 3 O 2 can be produced in 1 h using a kilowatt stack.
Conclusions
We have developed a modified Butler-Volmer equation for the reduction of CO 2 by considering multi-step single-electron transfer reactions. Based on the derivation, exchange current density formulations are proposed for Ni and Pt surfaces that are free from arbitrary order dependency on the partial pressures of reactants and products. With the derived Butler-Volmer equation together with the Butler-Volmer equation for oxygen charge transfer presented in [6] , we have reproduced the experimental observations of Tao et al. [3, 4] and Ebbesen and Mogensen [2] . The model equations are further used to analyze the behavior of single channel. Generally, early CO 2 conversion is observed with increasing applied cell potential. The channel length can be reduced by operating the cell at high potentials, which in turn reduces the cost of SOEC setup. It is observed that although it is possible to achieve 100 % conversion, it is ideal to keep conversion below 95 % due to the Boudouard reaction equilibrium.
For the rate-limiting step 6, the rate of reaction is written as i = L tpb F k 6 
At equilibrium, by using the relation β 6,a + β 6,a = 1, Eq. 39 leads to
Using Eq. 41 in Eq. 40 gives
